The atomic structure of topological insulators Bi 2 Te 3 thin films on Si (111) substrates grown in van der Waals mode by molecular beam epitaxy has been investigated by in situ scanning tunneling microscopy and scanning transmission electron microscopy. Besides single and multiple quintuple layer (QL) steps, which are typical for the step-flow mode of growth, a number of 0.4 QL steps is observed. We determine that these steps originate from single steps at the substrate surface causing domain boundaries in the Bi 2 Te 3 film. Due to the peculiar structure of these domain boundaries the domains are stable and penetrate throughout the entire film. 1 Insulating in bulk, these materials possess metallic surface states located within the bulk band gap and protected against elastic backscattering at nonmagnetic impurities by time-reversal symmetry. 2 Exciting a great interest to theoretical studies, these materials present significant challenges to the experimental observation of this feature due to the unintentional bulk doping. 3, 4 Indeed, the crystal structure of 3D TIs is prone to a high density of antisite defects, causing a shift of Fermi energy within the whole band gap and beyond. 5 This circumstance may be overcome using high quality ultrathin films in order to exclude the contribution of the bulk charge carriers or by means of counterdoping. 6 Providing accurate control under the film thicknesses and the doping level, the MBE technique offers routes in order to overcome this problem. Recently, growth of perfect TI single crystalline films by MBE has been demonstrated on various substrates both highly mismatched, such as graphene, 7 Si, 8, 9 GaAs, 10 and nearly lattice matched, for example, InP 11 or BaF 2 . 6 Thus, the lattice mismatch between the film and substrate is not a crucial parameter, since the growth takes place in the van der Waals growth mode. 12, 13 Furthermore, the grown films are only weakly bound to the substrate and, therefore, fully relaxed. Thus, the quality of the films is not significantly influenced by strain due to the lattice mismatch, in contrast to the conventional heteroepitaxy. Besides strain-induced defects, epitaxial growth on substrates with different crystal structure may also cause the formation of antiphase domains due to the substrate steps, for example in GaAs on Si. [14] [15] [16] Therefore, one could assume the presence of domain boundaries in 3D TI films, affecting their electrical properties. However, both any corresponding calculations and experimental information are missing so far.
Bi 2 Te 3 possesses a complicated crystal structure with a unit cell built from three so-called quintuple layers (QLs). Every QL consists of five alternating and strongly bound Bi and Te atomic sheets in the following sequence in the [0001] direction: Te I-Bi-Te II-Bi-Te I. The coupling between the QLs is weak due to its van der Waals nature and allows layer-by-layer growth in the step-flow mode with a QL as a unit. [17] [18] [19] The substrate determines the crystallographic z axis of the Bi 2 Te 3 film perpendicular to the substrate surface. The orientation of the film matches with the Si substrate orientation. 8 Despite the lattice mismatch of 14%, the film is fully relaxed even within the 1st QL. 17 Generally, the growth on Si (111) can be separated in three phases consisting of the substrate passivation by Te, the 3D island growth, and the subsequent 2D QL step-flow mode growth of Bi 2 Te 3 films without formation of any amorphous buffer layer. 16 The crystal structure of Bi 2 Te 3 allows the presence of two energetically equivalent twin domains. Indeed, TEM observations reveal both, vertical and horizontal domain boundaries. 17, 20, 21 One of the twin domains can be locally overgrown by the other domain at the thickness of several nm and does not cause any threading or planar defects, observable at the film surface. Previously, it has been reported on a number of sub QL steps which can neither be attributed to the single unit steps usually found in the stepflow mode nor to the twin domains. However, the high dislocation density has not allowed us to determine the origin of these steps so far. 17 The sub QL steps have been observed in Bi 2 Se 3 films grown on Bi-covered Si (111), however, these steps disappear with increasing film thickness and their atomic structure have not been investigated. 22 In this letter, we report on the atomic structure of domains due to single steps on the substrate surface, observed in topological insulator Bi 2 Te 3 thin film on Si (111) grown in the van der Waals epitaxy mode by MBE. These domains are studied by in situ scanning tunneling microscopy (STM) and high-resolution transmission electron microscopy (HR STEM).
The MBE growth of Bi 2 Te 3 films were realized in an ultra-high vacuum (UHV) chamber (base pressure 2 Â 10 solution (H 2 SO 4 2:1 H 2 O 2 ) and in 1% hydrofluoric acid. The clean Si surface is thereby passivated by a monolayer of hydrogen. After immediate transfer to the UHV MBE a pregrowth annealing has been performed in two different ways for different samples: for the so-called low temperature annealing the substrates were heated up to 700 C for 20 min, in order to desorb the H passivation layer. Alternatively, the high temperature annealing has been carried out for 30 min at 960 C. The subsequent slow cool down to 700 C($1 C/s) provides an atomically flat surface with a low roughness and density of surface defects as well as a stable (7 Â 7) reconstruction, confirmed by RHEED. Atomic Bi and Te have been evaporated at the source temperatures of T Bi ¼ 470 C, T Te ¼ 380 C. The growth took place under Te overpressure at T sub ¼ 300 C, providing a high quality single crystalline Bi 2 Te 3 film. 8 The growth rate was 4 nm/h. Directly after Bi 2 Te 3 deposition, the samples have been transferred to the in situ STM chamber under UHV conditions. The STM measurements have been performed at room temperature. Additionally, the Bi 2 Te 3 films have been investigated ex situ by atomic force microscopy (AFM) and by HR STEM using an aberration corrected STEM (FEI Titan 80-300). Cross-sectional specimens were prepared by conventional grinding techniques and final ion milling with Ar ions.
Ex situ AFM measurements of 11 nm thick Bi 2 Te 3 films show islands with diameters of 2-3 lm featuring large atomically flat areas in between (see Figure 1(a) ). The islands possess flat terraces with a constant width of nearly 300 nm separated by the single QL steps. This morphology of the film confirms the step-flow mode of growth with a QL as the growth unit. It is remarkable that every terrace replicates the shape of the previous one. Therefore, we assume that the lateral growth is accompanied by the vertical growth of the pyramids, due to the limited surface diffusion length of the adatoms. Indeed, at the moment when the width of the topmost terrace becomes larger than twice the diffusion length, a new terrace starts to nucleate on top of it. Mainly, this growth model has been used so far, in order to describe the growth of Bi 2 Te 3 and related materials by thin film deposition techniques. However, a closer look at the surface topography shows a regular pattern of shallow parallel steps (see Figure 1(b) ). The distance between the steps is approximately 100 nm. The steps propagate over the whole substrate along a certain direction. Figure 1(c) shows the step pattern to maintain undisturbed while the steps intersect the pyramids.
In situ STM investigations of the surface topography have been performed under UHV conditions in order to investigate the morphology of these steps directly after deposition without exposing the surface to the ambient atmosphere. In accordance to the AFM data, the STM image in Figure 2(a) shows the presence of concentric single QL steps intersected by a regular pattern of nearly parallel sub-QL steps (indicated by red arrows). The height of the sub-QL steps has a constant value of 0.4 nm (see the height profile in Figure 2(b) ). This value is within the inaccuracy of the measurement, compared to the calculated height of a Te I-Bi step of 0.371 nm. 23 Since such a step consist of two atomic sheets (compared to 5 atomic sheets building a single QL), we will further call it as a 0.4 QL step. The orange arrow in Figure 2 (a) points to the intersection of a single QL step and a 0.4 QL step. The 0.4 QL step propagates through the neighboring single QL terraces, i.e., the step-flow growth occurs independently and the 0.4 QL steps appear to have no significant impact on the step flow mode of growth. Since the growth of topological insulators and the morphology of the films is strongly influenced by a number of parameters (substrate material, surface preparation before the growth, substrate temperature, growth rates), we have compared this film to a film grown on a high temperature annealed substrate using the same recipe (see Figure 2 QL steps is significantly increased compared to the lowtemperature annealed substrate, the width of 0.4 QL steps is in average unchanged.
The observed morphology of the sub QL steps let us assume that the sub QL steps may originate at the substrate surface. In order to prove this assumption, the films have been studied by STM at the early nucleation stage of growth after deposition of nominally 1 nm Bi 2 Te 3 . The atomically flat single crystalline islands have been observed at the low temperature annealed substrate (see Figure 3(a) ). Due to their small size and the high density of the islands, no sub QL steps can be recognized. However, different terraces between the islands are seen. To guide the eye, colored labels are placed between the islands in the areas of the same height. The legend to the labels is shown in Figure 3(b) . The labels point out the presence of 0.4 QL height difference between the neighboring terraces. Moreover, the average size of the terraces has been determined as the distance between the dotted lines in Figure 3(a) , separating the areas with the predominant amounts of the certain terraces. Identically to the films of 11 nm thickness, the step pattern is regular, the terrace edges are parallel and the width of the terraces is about 100 nm. Thus, the observed 0.4 QL steps replicate the substrate steps propagating throughout the entire film. The width of the Bi 2 Te 3 terraces is in accordance to the distance between single steps in the Si substrate with nominally no miscut. Due to the lower density of surface defects, the surface diffusion length of the adatoms is significantly higher in case of the high temperature annealed substrate. Therefore, the nominally 1 nm thick film grown on the high temperature annealed substrate exhibits a low density of islands. At the same time, the 0.4 QL steps are still present at the surface (see Figure 3(c) ). Thus, these steps should be attributed to the substrate morphology rather than to any peculiarities of the crystal structure or growth dynamics of Bi 2 Te 3 .
These findings have been confirmed utilizing high resolution cross sectional HR STEM. An atomically resolved image of the Bi 2 Te 3 film close to the single step on a Si substrate is presented in Figure 4 (a). The image displays a domain boundary, originating exactly at the substrate step and proceeding throughout the entire film. The domains at the boundary have a remarkable atomic structure: two domains are vertically shifted relative to each other by two atomic sheets (i.e., 0.4 QL). Figure 4(b) depicts the correspondent atomic model. Here, the vertical stacking sequence (ABCABC…) maintains undisturbed. Moreover, three of five atomic sheets match each other, whereas two of them change from Bi to Te and vice versa over the domain boundary (indicated by red triangles). Since the van der Waals gap between the QLs is vertically shifted by 0.4 QL, a 0.4 QL is present at the film surface. Therefore, the STEM data is in good agreement with the conclusions based on the previously presented STM investigation. In principle, these domains are similar to the antiphase domains originating at the single substrate steps, for the materials grown on substrates with the different crystal structure (particularly, lattice constants in the growth direction). The classical example is the growth of GaAs on Si. [14] [15] [16] Due to the complicated structure of Bi 2 Te 3 , the domain structure is different though. Single steps on Si (111) are of 0.31 nm in height. The step height of 0.4 QL in Bi 2 Te 3 has the best match to these steps on Si. The observed domains are stable and the density of the domain boundaries is equal to the density of the single substrate steps. Thus, this mechanism is preferable compared to the effects provided by the weak van der Waals bonding, i.e., the easy bending of the QLs and the capability of the islands to migrate in the beginning of growth. 17 In summary, our study presents domains in Bi 2 Te 3 on Si (111), which appear due to the single steps on the Si substrate surface. The domain boundaries cause a regular pattern of parallel 0.4 QL steps observed on the surface. Combining the STM and STEM data, we ascertain that the QLs of the neighboring domains are vertically shifted by 0.4 QL. The (ABC) stacking sequence is unchanged over the boundary. However, only three atomic sheets within a QL completely match, while two other sheets change from Bi to Te and vice versa. The steps do not vanish during island coalescence. Moreover, they maintain undisturbed, while overgrown by next QLs in the step-flow mode and, hence, propagate throughout the entire film. The presence of the domains is independent of the surface preparation and, therefore, is not defined by the nucleation and growth dynamics. The study will help to understand properties of the MBE growth and substrate influence on complex TI material systems in order to improve their structural and electrical properties.
